Abstract Aims/hypothesis: The metabolic and endocrine disturbances associated with obesity and type 2 diabetes may impair the normal metabolic response to injury. Our objective was to investigate amino acid metabolism in endotoxaemic type 2 diabetic obese rats. Materials and methods: A metabolic study was performed over 4 days using male Zucker diabetic fatty (ZDF) rats (fa/fa) and lean littermates (fa/+) divided into three groups: ad libitum-fed groups which underwent no treatment, lipopolysaccharide (LPS)-treated groups receiving E. coli LPS by i.p. injection, and pair-fed groups to the respective LPS groups. We evaluated the effect of endotoxaemia on body weight, food intake and tissue weights. Nitrogen loss and muscular proteolysis were measured daily by determination of urinary 3-methylhistidine (3-MH) excretion. Plasma, intestine and muscle amino acid levels were measured. Results: The data showed that ad libitum-fed ZDF rats had lower plasma arginine and glutamine levels than ad libitum-fed control rats. Compared with control rats, the LPS-treated ZDF rats presented lower thymic involution, a lower 3-MH:creatinine ratio and higher cumulative nitrogen balance. Conclusions/interpretation: Against our working hypothesis, ZDF rats did not show an impaired metabolic response, and even appeared to be less sensitive to the stress.
Introduction
Type 2 diabetes is commonly associated with obesity, which contributes to an increase in all-cause morbidity and mortality [1, 2] . The overall prevalence of obesity has increased steadily over the last decade, leading to increasing numbers of obese patients requiring intensive care [1] . However, from a metabolic point of view, almost nothing is known as to how obese patients adapt to injury. One study [3] reported that morbidly obese patients face an eight-fold higher mortality following blunt trauma than non-obese patients. The metabolic response to injury (e.g. surgery, trauma, sepsis) plays a key role in the maintenance of vital functions and the promotion of the healing mechanisms. This process is characterised by an inflammatory response including cytokine production, which in turn induces a hypercatabolic state [4] . The metabolic response to stress in obese type 2 diabetic patients who are critically ill may be modified, since it occurs in a population with pre-existing metabolic and endocrine disturbances. In particular, the regulation of carbohydrate metabolism is altered, and it is well known that poorly controlled glycaemia is a major factor of mortality in intensive care unit patients [5] . These patients are characterised by fasting and postprandial hyperglycaemia, insulin resistance, and abnormally high hepatic glucose production in both fasted and fed states [6] . Diabetes affects protein metabolism, especially the regulation of protein synthesis and protein breakdown, which become altered [7] . It is therefore logical that such patients would have specific nutritional requirements.
An effective nutritional support strategy cannot be designated without careful evaluation of a potentially impaired metabolic response to stress. To date, very few studies [6] have been conducted on the metabolic response to injury in type 2 diabetic obese patients, especially in terms of amino acid metabolism. Furthermore, to the best of our knowledge, no experimental studies on the nutritional status of obese type 2 diabetic rats in a stress situation have yet been published. Our working hypothesis was that obesity may worsen the metabolic response to injury. The aim of this study was to characterise nutritional disturbances in response to endotoxaemia in a model of obese type 2 diabetic rats. We used the model of male Zucker diabetic fatty (ZDF) rats homozygous for nonfunctional leptin receptors (fa/fa) and developing hyperphagia, obesity, hyperlipidaemia and hyperglycaemia [8, 9] . This rat strain is a recognised model mimicking human type 2 diabetes with impaired glucose tolerance associated with insulin resistance. Their littermates are heterozygous for normal receptors (fa/+) and remain lean and normoglycaemic [9] .
Materials and methods

Animals and research design
Animal care and experimentation complied with French regulatory requirements (French Ministry of Agriculture and Forestry authorisation). The study design was reviewed by the local ethics committee and one of the co-authors (L. Cynober) is authorised to use rodent models of stress (Authorisation No. 75-461).
Twelve-week-old male ZDF rats, which were designated as diabetic (D groups), and their lean littermates (fa/+), which were designated as controls (C groups), were used (Charles River Laboratories, L'Arbresle, France). In this strain, hyperglycaemia appears at about 7 weeks of age, and all obese male rats are fully diabetic by 12 weeks of age (Charles River Laboratories nomenclature: ZDF fa/fa rats). The animals were housed individually in metabolic cages for a 3-day acclimatisation period, and body weight, food intake and volume of urine were recorded daily. They were housed in a temperature-controlled environment (21±1°C) with a 12-h light-darkness cycle, and were fed a Purina 5008 diet ad libitum (composition, percent of total [in calories]: protein 23.5%, fat, 17%, carbohydrates 56%) (IPS, Wellingborough, UK). All rats were allowed free access to deionised water.
After acclimatisation, C-and D-group animals were further randomised into three sets. On the one hand, we formed ad libitum-fed groups which underwent no treatment and lipopolysaccharide (LPS) groups receiving a single dose of Escherichia coli LPS (0127:B8 serotype; Sigma-Aldrich, France) at 3 mg/kg of body weight, by i.p. injection. Previous studies from our laboratory [10, 11] have shown that this dose of LPS induces a reproducible transient catabolic state without lethality, followed by recovery 3 days after injury. We also formed pair-fed (PF) groups to the respective LPS groups that received an i.p. injection of 300 μl 0.9% sodium chloride. The rationale for the study of a PF group is that LPS induces anorexia [12] . Therefore, we used PF groups to separately study the effects of LPS treatment and the effects of restricted food consumption. Rats from PF groups received the same amount of food as the corresponding LPS group, but with a delay of 24 h. Thus, there was a total of six rat groups: ad libitum-fed diabetic (AL-D, n=7), ad libitum-fed control (AL-C, n=7), LPS diabetic (LPS-D, n=8), LPS control (LPS-C, n=7), PF diabetic (PF-D, n=7) and PF control (PF-C, n=7).
Three days after the different treatments, all 24-h-fasted rats were anaesthetised by isoflurane inhalation and then killed by decapitation. Blood samples were collected on sodium heparinate (Heparine Choay 25,000 IU/5 ml; Sanofi-Synthélabo, Vitry-sur-Seine, France).
Plasma insulin and glucose
Insulin was determined by RIA using an INSIK-5 Kit (Diasorin, Saluggia, Italy). Glycaemia was measured by a hexokinase endpoint method (Olympus AU600, Rungis, France).
Plasma albumin
In endotoxaemia, albuminaemia is a global marker of the inflammatory reaction [11] . Albumin was assayed by immunonephelometry using the Array System 360 analyser (Beckman-Coulter Instruments, Roissy, France). Rabbit IgG (Dako, Labarthe Inard, France) cross-reacting with rat albumin was used.
Tissue removal
Thymus and spleen
In experimental stress situations, thymic involution and hypertrophy of the spleen usually co-occur, thus indicating dysimmunity [11] . The thymus and spleen were rapidly removed and weighed immediately after killing.
Muscles
Stress triggers a loss of muscle mass [11] , and variations in the concentrations of certain amino acids are characteristic of the response to stress and/or insulin resistance [13] . The extensor digitorum longus (EDL) muscle was rapidly removed from the hindlimb, then weighed, frozen in liquid nitrogen and stored at −80°C until analysis.
Jejunum and ileum
The intestine was resected from the ligament of Treitz to the ileocaecal junction to study amino acid levels from the intestinal compartment. The mucosa of the proximal parts of the jejunum and ileum was washed with NaCl (0.9%), everted and scraped, then weighed and rapidly frozen in liquid nitrogen, and stored at −80°C until analysis.
Liver
The liver was removed, weighed and frozen in liquid nitrogen and stored at −80°C until analysis.
Urinary parameters
The daily 24-h-collected urine samples were stored at −20°C until dosage assay.
Urinary 3-methylhistidine
Urinary excretion of 3-methylhistidine (3-MH) provides one of the best estimates of myofibrillar protein catabolism in rat skeletal muscle. 3-MH is released during myofibrillar protein breakdown without being either metabolised or reutilised for protein synthesis [14] . Samples were hydrolysed with HCl (35%) at 100°C and then filtered before quantification by ion-exchange chromatography combined with ninhydrin detection (Hitachi L8500-A, Tokyo, Japan). Results are expressed in μmol 3-MH/mmol creatinine to take muscle mass into account in the evaluation of myofibrillar protein breakdown. Urinary creatinine was measured by the Jaffé reaction on an Olympus AU 600 analyser (Rungis, France) [15] .
Nitrogen balance
Nitrogen balance corresponded to the difference between daily total nitrogen intake and daily urinary nitrogen output. Total nitrogen intake was calculated on the basis of 100 g Purina 5,008 diet supplying an estimated 23.5 g protein, with 100 g protein providing an estimated 16 g nitrogen. Thus, nitrogen intake=food intake×3.76%. Urinary nitrogen (g/l) was quantified by chemiluminescence [16] using an Antek 9000 apparatus (Antek, Houston, TX, USA). Urinary nitrogen output was calculated using the following formula: urinary nitrogen (g/l)×24-h urinary volume (l).
Urinary nitrate and nitrite
Nitric oxide (NO) in the urine samples was evaluated by the well-recognised method based on indirect measurements of the NO-based by-products nitrite and nitrate (nitrite+nitrate=NOx) via the Griess reaction [17] (R&D Systems, Lille, France). Urinary NOx output was calculated using the following formula: urinary NOx (nmol/ ml)×24-h urinary volume (ml).
Determination of amino acid concentration and total tissue protein Plasma was deproteinised with a 30% (w/v) sulfosalicylic acid solution. The supernatants were stored at −80°C until amino acid analysis.
Frozen tissues (skeletal muscles, liver and intestinal mucosa) were homogenised in ice-cold 10% trichloroacetic acid containing 0.5 mmol/l EDTA. The pellets were treated with ethanol/ether, and the supernatants were stored at −80°C until amino acid analysis.
Amino acids were separated and quantified by ion exchange chromatography (Aminotac-LC 500; Jeol, Croissy-sur-Seine, France).
Data analysis
Data are expressed as means±SEM. Statistical analysis was performed using Statview software. The parameters were analysed by one-way ANOVA followed by Fisher's protected least significance difference (PLSD) test. The two groups (fa/fa) and (fa/+) of rats before treatment were pooled in the last three figures of this article to make them clearer, but the statistical analyses performed took account of all six groups.
Results
Food intake
All LPS-treated rats survived. In control rats, LPS treatment induced anorexia throughout the study period (from days 0 to 3). LPS induced anorexia in diabetic rats from days 0 to 1 only. As expected, food intake was similar between LPStreated groups and their respective PF groups (Fig. 1) .
Relative (i.e. expressed as a percentage of initial weight) body weight
In LPS-C rats, there was a reduction in whole-body weight from days 1 to 3. In LPS-D rats, there was a decrease in body weight from days 1 to 3. Weight loss was always related to anorexia (no significant difference between PF and LPS groups) (Fig. 2 ).
Glycaemia and plasma insulin
On day 3, fasting glycaemia was significantly higher (p<0.001) in the AL-D group than in the AL-C group. Glycaemia was also higher in LPS-D rats than in LPS-C rats (p<0.001). However, glycaemia was lower in the LPS-D group than in the AL-D group (p<0.001). Of note, glycaemia in the PF-D group was not different from the values recorded in the PF-C group (Table 1) .
Insulinaemia was higher in the AL-D rats than in AL-C rats (p<0.001), and was also significantly higher in the LPS-D group than the LPS-C group (p<0.001).
Plasma albumin at the end of the experiment Hypoalbuminaemia followed a similar pattern in LPS-C and LPS-D rats. This alteration was specifically induced by LPS (i.e. non-related to the reduction of food intake) (LPS-C vs PF-C and AL-C, p<0.001; LPS-D vs PF-D and AL-D, p<0.001) ( Table 1) .
Tissue weights
The results are reported in Table 1 .
Thymus
In control rats, LPS specifically (i.e. non-related to the reduction of food intake) induced a decrease in thymus weight. In diabetic rats, thymus atrophy was mainly related to anorexia (LPS-D vs AL-D, p<0.01 and LPS-D vs PF-D, NS). LPS-mediated thymus involution was lower in diabetic rats than in controls (LPS-D vs LPS-C, p<0.01).
Spleen
Endotoxaemia specifically (i.e. non-related to the reduction of food intake) induced splenomegaly in both diabetic and control rats (p<0.001).
EDL muscle
There was no significant difference in muscle mass between the AL-D and AL-C groups. LPS-linked anorexia 
Jejunum and ileum (data not shown)
Neither diabetes nor LPS treatment had an effect on jejunum and ileum mass, excluding the LPS-treatmentinduced decrease in ileum mass in diabetic rats (LPS-D vs AL-D, p<0.05). On day 0, nitrogen balance was similar in both control and diabetic groups. On day 1, LPS-linked anorexia induced a decrease in nitrogen balance in both control and diabetic rats (p<0.001). From days 0 to 2, LPS-linked anorexia induced a more pronounced decrease in nitrogen balance in both control and diabetic rats compared with the respective PF untreated rats (p<0.001). From days 0 to 3, cumulative nitrogen balance was still lower in LPS groups compared with the corresponding AL groups (p<0.001). On days 2 and 3, LPS-D rats showed a higher nitrogen balance compared with LPS-control rats (p<0.05 (Fig. 3) . From days −1 to 0, there was no significant difference in 3-MH:creatinine ratio between control and diabetic groups. From days 2 to 3, LPS induced specifically (i.e. non-related to the reduction of food intake) an increase in the 3-MH: creatinine ratio in both control and diabetic rats (p<0.01), with a significantly (p<0.01) higher 3-MH:creatinine ratio in LPS-C than LPS-D rats (Fig. 4) .
Urinary NOx
On day 0, diabetic rats presented no significant difference in urinary NOx compared with control rats (Fig. 5) . On day 1, urinary NOx levels were increased in LPS-C rats (p<0.01) compared with untreated control and PF-C rats. On day 2, urinary NOx was higher in LPS-D rats compared with untreated diabetic rats and PF-D rats (p<0.01).
Amino acid concentrations
In plasma LPS induced a significant increase in arginine, alanine, lysine, cysteine and methionine plasma concentrations in control rats ( Table 2) .
The diabetic state induced an increase in concentrations of branched-chain amino acids (BCAAs) (valine, leucine and isoleucine) and glutamate plasma levels, and a decrease in arginine, glutamine, histidine, lysine, glycine, threonine, tyrosine and tryptophan plasma levels. LPS treatment did not induce further variation in amino acid plasma levels in the diabetic rats.
In EDL
LPS treatment induced a decrease in muscle glutamine levels (p<0.05) in control rats but not in diabetic rats. The diabetic state induced an increase in BCAA levels For a description of the various groups, see the Materials and methods section: AL-C Ad libitum-fed control rats, AL-D ad libitum-fed diabetic rats, LPS-C LPS-treated control rats, LPS-D LPS-treated diabetic rats, PF-C pair-fed control rats, PF-D compared with control rats (AL-D vs AL-C, p<0.05). In diabetic rats, LPS specifically induced an increase in BCAA levels. In control rats, LPS-related anorexia induced a significant increase in phenylalanine levels (LPS-C vs AL-C, p<0.01 and LPS-C vs PF-C, NS). In diabetic rats, LPS specifically induced a significant increase in phenylalanine levels (LPS-D vs PF-D and AL-D, p<0.01) ( Table 3) .
In jejunum and ileum
No significant between-group variations in jejunal and ileal amino acid levels were observed (data not shown).
Discussion
It is well known that obesity associated with type 2 diabetes affects nutritional status [18] . However, the literature contains few data on the metabolic response to stress in obese and diabetic patients. In this study, we aimed to investigate characteristic metabolic alterations in obese and type 2 diabetic rats, and then to evaluate the effect of endotoxaemia. Since LPS administration decreases food intake, we also investigated the effects of food restriction.
Effect of obesity and type 2 diabetes
As expected, AL-D rats were obese, hyperglycaemic and hyperinsulinaemic when compared with AL-C rats. The results presented here highlight major alterations in amino acid patterns, which have been little studied in the literature to date. Among these alterations, the depletion in plasma glutamine and arginine pools occurring in the type 2 diabetic rats deserves comment. This observed depletion is in agreement with the results of a previous study performed in our laboratory in Zucker rats [19] and with another recent study [13] in the same of ZDF rat model. Interestingly, there is a recent report of hypoargininaemia in diabetic patients [20] . The mechanism underlying arginine depletion in diabetes is not known. On the basis of tracer-based metabolic studies, it has been suggested that arginine disposal and/or dietary arginine intake, rather than de novo arginine synthesis, are the primary regulators of arginine homeostasis [21] . Hence, it can be hypothesised that plasma arginine depletion in ZDF rats is related more to an increase in arginine degradation than to a decrease in arginine supply or de novo arginine synthesis. This hypothesis is supported by evidence that inflammatory stimuli induce catabolic enzymes of arginine such as type I and type II arginases, particularly in the diabetic state, which is associated with low-grade inflammation [21] . In this study, NOx excretion was similar in ZDF rats and in control rats. The balance between inducible NO synthase (NO production) and arginase plays a key role in the regulation of arginine availability. There may be a higher peripheral utilisation of arginine by arginase at the expense of inducible NO synthase. Hypoargininaemia is clearly related to arginine availability, since a recent study showed that an arginine-supplemented diet improved NOx production in the serum of ZDF rats [22] . Our data demonstrated a depletion of glutamine, in accord with a recent study [13] reporting a decrease in plasma concentrations of several gluconeogenic amino acids in ZDF rats. This hypoglutaminaemia may be explained by an increase in gluconeogenic utilisation occurring as a consequence of the insulin resistance [23] .
It is also interesting to note that our data on BCAAs are in agreement with another study showing an increase of these amino acids in plasma and muscle in the same model [13] . This pattern was also reported in type 1 diabetes in the streptozotocin diabetic rat model [24] . The increase in BCAA levels in type 1 diabetes has been attributed to the increase in whole-body protein catabolism and hyperphagia [25] . Therefore, this increase in BCAA levels is characteristic of diabetes, whatever the cause [26] .
Effect of food restriction
Food restriction had specific effects in both healthy and diabetic rats, and thus deserves brief comment. In control rats, food restriction (i.e. the PF-C group) led to only minor changes, probably because it was short-lasting. In the diabetic rats, we observed a remarkable normalisation of glycaemia together with a marginal (but significant) decrease in insulinaemia. This suggests that hyperphagia is a major determinant of insulin resistance in this model, as observed in humans [27] . The increase in plasma BCAA levels classically observed in diabetes, as discussed above [26] , was no longer observed in food-restricted rats. One study suggested a link between insulin levels and BCAA levels [28] ; more recently, a direct relationship was reported between insulin infusion and BCAA levels [29] . However, the link between insulin resistance and BCAA levels needs further investigation. What appears to have occurred in the study is not just related to food restriction, because most essential amino acids other than BCAAs did not decrease.
Different metabolic responses to LPS between control and ZDF rats An endotoxaemic rat model was used since endotoxaemia may be involved in the pathogenesis of sepsis, and it is known to induce a marked and reproducible hypercatabolic state [30] . LPS was used at a 3 mg/kg of body weight dose, as in previous studies [10] , since it elicits a reproducible catabolic state without lethality. We used the same LPS dose in control and obese rats since we previously found in a separate study that there was no significant difference in fat-free mass between control and ZDF rats. The only difference observed was in fat mass, which is obviously higher in ZDF rats. This LPS dosage induces a short-lasting catabolic state [10, 11] , and the endotoxaemic rats recover 3 days after injury [11] . As reported in other models of stress (e.g. burn, sepsis) [12, 31] , LPS administration induced anorexia that lasted throughout the study (i.e. 3 days) in control rats but for only 2 days in diabetic rats. Thus, the use of PF groups allowed us to separately study the effects of food restriction and the specific effects of LPS treatment (see above comments on the specific effects of food restriction). Our data show that the most significant metabolic changes observed in this study in both lean and diabetic rats were specifically related to LPS treatment. In agreement with previous reports, these metabolic changes in response to stress included an alteration in protein metabolism [32] , inflammation (as reflected by hypoalbuminaemia) [33] , and alterations in immune status (as reflected by thymic involution and spleen hypertrophy, which are a consequence of the redistribution of lymphocytes to the lymphoid organs and the gastrointestinal tract) [12, 34] . In our work, endotoxaemia led to myofibrillar protein catabolism, since the urinary 3-MH:creatinine ratio increased. As expected, the LPS treatment induced a decrease in nitrogen balance, reflecting net proteolysis in the muscles [35, 36] . In addition, endotoxaemia induced a higher NOx excretion; indeed it is well-known that LPS is a potent stimulus for NO production, which is the main mediator of microbiocidal actions of macrophages [37] .
The diabetic rats showed less catabolism in response to LPS than control animals, since on days 2 and 3 after LPS injection, the diabetic rats showed lower thymic involution and a lower increase in urinary 3-MH:creatinine ratio, and no muscle glutamine depletion, in contrast to the control rats. Indeed, it is known that injury is associated with changes in free amino acid concentrations in both plasma and skeletal muscles [36, 38] . In particular, a significant decrease in glutamine pools is characteristic of the response to injury [38, 39] . Furthermore, cumulative nitrogen balance was higher in LPS-D rats than in LPS-C. This latter result could be explained by the fact that the ZDF rats were hyperphagic, and demonstrated short-term anorexia in response to stress. However, this hypothesis can be ruled out as the sole explanation, since food intake modulates protein synthesis more than it decreases protein catabolism [40] . Therefore, it would be useful to measure tissue protein synthesis rates using stable isotopes in a future study.
In contrast with other studies [41, 42] , the obesity associated with diabetes in our experimental model of stress in ZDF rats appears not to be a cofactor of morbidity and mortality. In the studies cited [41, 42] , whole-body protein turnover and protein synthesis were higher in obese traumatised patients than non-obese traumatised patients, and daily muscle catabolism was also higher in the obese patients. The metabolic response of our obese ZDF rats is probably more similar to the fair adaptation of obese subjects to starvation: these subjects had better nitrogen preservation than lean subjects and have been shown to be able to survive longer during hunger strike [43, 44] . The hypothetical 'protective effect' of obesity post-injury may be related to a possible sparing action of fat on protein metabolism [45] [46] [47] . In fasted obese patients, an inverse relationship has been shown between urinary nitrogen excretion and level of adiposity in both human and animal models, suggesting a protein-sparing effect of lipids [45] . A study [45] comparing obese subjects with lean subjects showed that, during prolonged starvation, protein loss and percent energy derived from protein oxidation were reduced by more than 50% in the obese than in the lean subjects. These authors reported an increase in both protein turnover and leucine oxidation in the lean subjects during short-term starvation, whereas there were no significant changes in the obese subjects [45] . One elegant study [46] demonstrated an inverse relationship between leucine oxidation and NEFA levels (and NEFA oxidation) in dogs. In humans, a moderate increase in NEFA (nearly 1 mmol/l) also resulted in a 20% reduction in leucine oxidation [47] .
In conclusion, ZDF rats present alterations in their amino acid metabolism patterns, including plasma glutamine and arginine depletion and increased BCAAs. Supplementation with an arginine-rich diet in obese patients should be considered for future study. Interestingly, several parameters tend to show that, under the same stress conditions, the metabolic response of ZDF rats was less severe compared with lean rats, indicating that obesity associated with type 2 diabetes has a possible sparing effect on protein metabolism. However, the underlying mechanisms of this sparing effect require further study.
